Abstract Endophenotypes are heritable traits associated with psychiatric illness. Certain endophenotypes associated with schizophrenia such as working memory and sensory gating may be linked to the high tobacco smoking prevalence in patients with schizophrenia. Evidence suggests a critical role for the nicotinic acetylcholine receptor system (nAChR) in the underlying pathophysiology of schizophrenia. Despite the negative consequences associated with tobacco use, patients with schizophrenia have a much more difficult time quitting smoking and remaining abstinent compared with their nonpsychiatric counterparts. Deficits in nAChR function may contribute to the cognitive deficits that are seen with the illness, such as deficits in working memory and sensory gating, and to co-morbid tobacco use disorders. Accordingly, treatments for tobacco use disorder in this population should focus on remediation of the diseaserelated endophenotypes that restore neurocognitive function and reduce the risk of smoking relapse.
Introduction
Approximately 60-80 % of patients with schizophrenia smoke tobacco [1] , compared with 20 % of the general population [2] . While these data indicate an increased vulnerability to nicotine use among patients with schizophrenia, the direction of the relationship between tobacco use and schizophrenia is still unclear. While it may be true that patients with schizophrenia use nicotine to remediate symptoms of their illness and medication side effects, the more likely possibility is that deficits in the nicotinic acetylcholine receptor system (nAChR) increase an individual's vulnerability to tobacco use [3, 4] .
Cognitive deficits are a core feature of schizophrenia and are linked to the nAChR system [5] [6] [7] . Neurophysiological disturbances, such as deficits in sensorimotor gating or cortical inhibition, are thought to underlie these cognitive impairments, thereby constituting putative endophenotypes associated with the disorder. Accordingly, dual diagnosis treatment should target these endophenotypes to potentially remedy these cognitive deficits and nicotine dependence in this population.
In this review, we will discuss the neurobiology of nicotine addiction as it relates to schizophrenia, as well as the effects of nicotine on cognitive functioning in this population. Furthermore, neurocognitive endophenotypes and their relationship to nicotine receptor dysfunction will be explored. Finally, we will evaluate the efficacy of putative nAChR-targeted treatments toward alleviating these cognitive deficits. Future directions for research in the area of schizophrenia and tobacco use disorder will be considered, with a focus on directing the classification and treatment of nAChR-mediated endophenotypes in schizophrenia.
The Neurobiology of Tobacco Addiction in Schizophrenia
Converging lines of research have focused on the shared vulnerability between nicotine use and schizophrenia, emphasizing the putative dysregulation of nAChR systems in schizophrenia [8, 9] . Nicotine is the main psychoactive ingredient in tobacco smoke. When a cigarette is smoked, nicotine binds to the α4β2 nAChR, the primary site of action of nicotine. These receptors are also activated by the endogenous neurotransmitter acetylcholine. The nAChRs situated on mesolimbic dopamine neurons that project from the ventral tegmental area (VTA) to the nucleus accumbens (NAc) are of utmost importance when studying nicotine addiction. Activation of nAChRs on mesolimbic dopamine neurons leads to dopamine release in the NAc, which helps to facilitate the addictive processes involved in chronic tobacco use.
Due to the high prevalence of cigarette smoking in schizophrenia, nAChRs are a prime intervention target in the pathophysiology of tobacco use disorder comorbidity in schizophrenia. The idea that common mechanisms may underlie both tobacco use disorder and schizophrenia was supported by a recent study examining the relationship between the genetics of nicotine use disorder and familial risk for schizophrenia. The results indicate that levels of smoking were much higher in first-degree relatives of schizophrenia patients than in a comparison group [10] . Furthermore, nAChRs may also play a role in mediating the cognitive deficits associated with schizophrenia (see Section "Nicotinic Systems and Neurocognitive Endophenotypes in Schizophrenia"), perhaps suggesting a vulnerability to both nicotine dependence and the manifestation of cognitive deficits in schizophrenia.
Nicotinic Systems and Neurocognitive Endophenotypes in Schizophrenia
The acute pharmacological effects of nicotine have been proposed to enhance cognitive function in patients with schizophrenia. Administering acute doses of nicotine to schizophrenic non-smokers can help tease apart the contributions of nicotine to cognitive functioning without the confounding effects of withdrawal-related symptoms or chronic upregulation of nAChRs. In non-smokers, transdermal nicotine (14 mg) was found to increase reaction time and decrease omission errors on the Continuous Performance Task (CPT), though more significantly in schizophrenia [11] , suggesting a more pronounced role of nicotine on attentional processes in schizophrenia relative to control non-smokers. Additionally, nicotine has been shown to improve visuospatial attention and smooth pursuit eye movements (SPEM) in both nonsmokers and smokers with schizophrenia, with no effect in nonpsychiatric groups [12] . These data suggest that acute nicotine has more of a pro-cognitive effect in patients with schizophrenia compared with non-psychiatric controls regardless of smoking status, potentially due to acute upregulation of nAChRs. The pro-cognitive effects of nicotine can be explored using neurocognitive endophenotypes present in schizophrenia that may reflect nAChR dysregulation.
Endophenotypes are stable and heritable indicators of disease states that cannot be identified with a simple biological test [13] , and represent vulnerability to the disorder, rather than a diagnostic test of the disorder in question. There are some prerequisites that a potential endophenotype must meet in order to be useful in psychiatry: i) heritability and cosegregation with first-degree relatives, ii) association with a candidate gene region, and iii) state-independent consistency, whereby the deficit is present whether or not the illness is symptomatically active [14] . Since schizophrenia is a multigenetic and complex disorder, endophenotypes that segregate to a smaller number of genes are attractive treatment targets.
Deficits in working memory and sensory gating are examples of endophenotypes that are inherent to a range of psychiatric disorders, with the upstream genotype potentially involving abnormalities in nAChR function. Outlining these endophenotypes and their severity as it relates to schizophrenia may help to determine effective treatment approaches. Several nicotinic receptor-related endophenotypes have been suggested, including SPEM, pre-pulse inhibition (PPI), P50 auditory gating, and working memory. However, the question remains as to whether these endophenotypes confer a vulnerability to tobacco smoking in schizophrenia, or whether these endophenotypes share a common, underlying mechanism with nicotine dependence that could account for this significant comorbidity.
Smooth Pursuit Eye Movements (SPEM)
SPEM are a neurophysiological index of motion perception and processing, and have been consistently found to be deficient in both patients with schizophrenia and their first-degree relatives [14] . SPEM are relatively slow movements of the eye (usually less than 100 degrees per second). In contrast to saccadic movements, which aim to bring an object onto the fovea quickly, SPEM consists of a pursuit and a 'catch-up' phase, which acts to keep the object on the fovea throughout movement [15] .
During SPEM tasks, patients with schizophrenia tend to make more intrusive saccadic movements than nonpsychiatric controls, potentially reflecting deficits in predictive and motion processing [15] . A functional magnetic resonance imaging (fMRI) study evaluating brain activation during a simple SPEM task showed greater activation of the posterior hippocampi and fusiform gyrus during the task, along with decreased activation in the frontal eye fields and occipital cortex [16] . These results suggest a potential inhibitory deficit of the hippocampus in schizophrenia patients, which is consistent with post-mortem evidence showing decreased numbers of hippocampal nicotinic receptors in patients with schizophrenia [17] .
Although it is possible that patients with schizophrenia smoke to normalize deficits of eye movements and visual processing, it is more likely that nAChR deficits confer vulnerability to both deficits in SPEM and to nicotine use in these patients. Smokers with schizophrenia and control smokers were tested on a standard SPEM task after overnight abstinence and immediately after smoking a cigarette. Leading saccades were found to be significantly reduced in smokers with schizophrenia compared with the controls [18] . In a study of both schizophrenia and healthy control non-smokers and smokers, acute administration of nicotine significantly improved eye acceleration during smooth pursuit initiation in patients but not controls, but the initiation of eye acceleration was greater in patient smokers compared with patient nonsmokers [12] . These results suggest that nicotine may selectively enhance SPEM deficits in smokers with schizophrenia compared with nonsmokers.
P50 Auditory Gating
Sensory gating refers to pre-attentional habituation responses to the same auditory stimulus [19] . The ability to gate a response to the same stimulus is a necessary tool -without the ability to filter sensory information, the senses would be overwhelmed with irrelevant information. This may be the case for patients with schizophrenia, who consistently show deficits in P50 auditory gating. P50 refers to an event-related potential (ERP) that is used to assess sensory gating via electroencephalography (EEG) [19] . P50 gating deficits have been shown to be normalized in schizophrenia smokers compared with non-smoker controls. For example, a recent study in drug-naïve first episode schizophrenia patients showed that the schizophrenia group exhibited much worse P50 gating compared with non-psychiatric controls, yet schizophrenia smokers had significantly better P50 auditory gating compared with non-smoker schizophrenia patients [20] . A limitation to this study is that individuals were assessed 1 hour after smoking, and thus withdrawal effects were a confounding variable. Another study found similar results, such that drug-naïve smokers with schizophrenia display enhanced P50 compared with non-smokers with schizophrenia [21] . Many studies have also evaluated the effects of acute administration of nicotine on P50 sensory gating among patients and first-degree relatives [22] [23] [24] . In the relatives of patients with schizophrenia, nicotine administration normalizes deficient P50 gating [22] , further implicating a pathophysiological role of nAChR in sensory gating in schizophrenia.
Prepulse Inhibition
Prepulse inhibition (PPI) is a neurophysiological phenomenon whereby a weak auditory stimulus 30-300 ms precedes stronger stimulus and reduces the elicited startle response. PPI is thought to reflect the ability of the brain to gate incoming repeated sensory information [25] . In patients with schizophrenia, deficits in inhibition of the startle response have been consistently replicated [26, 27] . Of note, PPI deficits are also consistently found in the first-degree relatives of patients with schizophrenia, and thus are thought to be a relatively strong endophenotype candidate [27] .
PPI may also be modulated by smoking status, such that smokers with schizophrenia display levels of PPI similar to control smokers compared with schizophrenia non-smokers [28•] . This study looked at four groups of participants: smokers with and without schizophrenia, and non-smokers with and without schizophrenia. A significant diagnosis × smoking status × PPI interval interaction was found, such that non-smokers with schizophrenia showed deficits in PPI compared with non-smoker controls, and smokers with schizophrenia demonstrated comparable levels of PPI with control smokers [28•] . This data suggests a pro-cognitive effect of nicotine on sensory gating deficits in schizophrenia.
PPI has also been correlated with cognitive function in patients with schizophrenia. PPI and executive cognitive function using the Wisconsin Card Sorting Task (WCST) were tested in a study examining both smokers and non-smokers, and patients with schizophrenia and non-psychiatric controls [29] . In terms of PPI, non-smokers with schizophrenia displayed the most deficits, and performance on the WCST was significantly negatively correlated with greater PPI deficits in the psychiatric group, with the greatest correlations seen at the PPI 60 ms interval [29] . These results suggest that acute cigarette smoking may enhance the relationship between sensorimotor gating efficiency and prefrontal cognitive functioning, with smokers with schizophrenia experiencing greater PPI enhancement and thus greater performance on the WCST than non-smokers with schizophrenia. In another study, PPI was assessed at baseline, after overnight abstinence, and upon smoking reinstatement in smokers both with and without schizophrenia three times over a 3-week period. Mecamylamine, an nAChR antagonist, was administered in randomized doses of 0.0, 5.0, or 10.0 mg/day during those 3-week testing periods. At baseline, PPI was comparable in both schizophrenia and non-psychiatric controls, but was diminished in schizophrenia after overnight abstinence.
Smoking reinstatement reversed these withdrawalinduced deficits, but was dose-dependently blocked by mecamylamine in patients, suggesting a role of nAChRs in the pathophysiology of PPI deficits [30] .
Working Memory
Working memory (WM) refers to the cognitive process of manipulating and maintaining information in real time [31] . There are many different tasks used to assess WM, such as visual spatial WM (VSWM) and verbal WM, whereby patients with schizophrenia consistently display deficits [32] . Additionally, WM deficits are also found in first-degree relatives of patients with schizophrenia [33] , supporting the idea of WM deficits as an endophenotype of schizophrenia.
Nicotine has been consistently demonstrated to affect WM in a number of studies. Under smoking abstinence, VSWM was significantly decreased in smokers with schizophrenia compared with non-psychiatric controls [34] . Building on this study paradigm, Sacco et al. [5] studied 25 smokers with schizophrenia and 25 nonpsychiatric smokers who were pretreated with mecamylamine, the nAChR antagonist, at doses of 0, 5.0, and 10.0 mg/day over 3 randomized weeks [5] . VSWM was assessed at baseline, overnight abstinence, and upon smoking reinstatement. VSWM was only impaired in schizophrenia smokers after overnight abstinence, and deficits were reversed upon smoking reinstatement. Interestingly, mecamylamine effectively blocked the reinstatement of VSWM performance in schizophrenia, but not in control smokers, suggesting a central role of nAChRs in WM performance in schizophrenia [5] . These results highlight the role of nAChRs in WM in patients with schizophrenia, but more studies are needed to elucidate the effects of ad lib cigarette smoking on WM function in this population. Furthermore, specific antagonists and agonists should be used to elucidate dysfunctional receptors implicated in WM dysfunction in this patient group.
Treatment Options for Nicotinic Receptor-Mediated Endophenotypes

Varenicline
Varenicline is an α4β2 nAChR partial agonist at moderate concentrations, and a full α7 agonist at higher concentrations. Given that nicotine modulates α4β2 nAChRs in the mesolimbic system [35] , varenicline was developed as a potential smoking cessation aid.
Randomized clinical trials of the efficacy of varenicline as a smoking cessation aid in schizophrenia have found significantly better cessation/relapse prevention rates with varenicline compared with both placebo and bupropion, another common quit-smoking drug used in this population [36, 37•] . In addition to the success of varenicline in treating smoking cessation in schizophrenia, varenicline also has been shown to have procognitive effects in this population on cognitive assessments and on some corresponding neurophysiological endophenotypes discussed above [38, 39••] .
One study examined the effects of varenicline on P50 gating and cognition in both smokers and non-smokers with schizophrenia. Varenicline was administered at 0.5 mg/day for the first week, and 1.0 mg/day for a second week in the short-term treatment arm, and was extended to 8 weeks in the long-term arm. Results indicate that varenicline effectively reduced the P50 suppression deficit at the end of long-term treatment for nonsmokers, but not for smokers, and also improved executive function via the anti-saccadic rate. However, varenicline was not found to be effective on tasks of VSWM [39••] (Table 1 ).These data suggest that the effect of chronic nicotine may normalize sensory gating, such that additional treatment with nicotinic agonists renders little to no effect. Another study demonstrated that treatment with varenicline prior to smoking abstinence in smokers with schizophrenia blocked the abstinenceinduced deficit in VSWM, but had no such effect in control smokers [40•] . Due to the limited number of studies on varenicline and WM in patients with schizophrenia, additional studies are needed to parse out the contributions of various receptor subtypes to WM deficits. DMXB-A 3-(2,4-Dimethoxybenzylidene)-anabaseine (DMXB-A) is an α7 nAChR agonist that has not yet been extensively studied in regards to smoking cessation in schizophrenia. However, DMXB-A has been shown to have procognitive effects in this patient population, and also improves SPEM and sensory gating, perhaps due to stimulation of α7 nAChRs [41] . Administration of DMXB-A significantly enhances performance on tasks of SPEM in patients with schizophrenia, and decreases excessive hippocampal activity in response to this task in patients [42] . This evidence implicates α7 nAChRs in the pathophysiology of schizophrenia and highlights the need for development of an α7 agonist. Using these nicotinic agonists to treat these deficits may have the added benefit of acting as a smoking cessation intervention for nicotine dependence (Table 1) . Atypical antipsychotic drugs (APD) block dopamine D2 receptors in the brain, leading to increased dopamine release in the medial prefrontal cortex (mPFC) [43] . These effects are thought to reduce some of the negative and positive symptoms associated with schizophrenia, and may also play a role in smoking cessation. However, it has been suggested that patients with schizophrenia may smoke to alleviate dopamine receptor blockade by APDs. However, psychiatric symptomatology tends to improve after smoking cessation [9] . Interestingly, atypical APDs, such as clozapine, are more effective at reducing cigarette consumption in patients with schizophrenia than are typical APDs [44] . Typical APDs, such as haloperidol, may actually increase smoking rates in the schizophrenia population. In one landmark study, smokers with schizophrenia who were actively psychotic and medication-free were given 2-hour access to smoke at their leisure. In one condition, haloperidol treatment was initiated before the smoking paradigm. Participants in this group smoked significantly more cigarettes and had a higher expired carbon monoxide level compared with baseline [45] .
Based on a comprehensive meta-analysis evaluating the effects of typical and atypical APDs on cognition in schizophrenia, atypical APDs were found to generally improve cognition compared with typical drugs [46] . However, some recent studies do not support the use of antipsychotic medication in alleviating cognitive dysfunction in these patients [47, 48] . Clearly, more specific research in this domain is required, and studies should separate smoking and non-smoking groups of patients to parse out the contribution of nAChR activation on cognition.
Nicotine Replacement Therapies
Nicotine replacement therapies (NRT) include nicotine gum, the nicotine patch, inhalers, nasal spray, and any other forms that deliver nicotine with the aim of replacing or reducing tobacco use [49] . Every NRT on the market is more effective than placebo at reducing smoking rates (with pooled odds of 1.58 at achieving smoking abstinence) [49] .
While NRTs may be beneficial in helping non-psychiatric smokers achieve abstinence, there are mixed results regarding the effects of NRTs in the schizophrenia population. A recent meta-analysis examining the efficacy of various agents in reducing smoking found that only bupropion and varenicline were able to reduce smoking in patients with schizophrenia, and did not find an effect of NRTs [50] . In contrast to these results, one study replaced typical cigarettes with low-nicotine cigarettes, and compared their effect at reducing smoking with the nicotine patch. Both the low-nicotine cigarettes and the patch significantly reduced smoking behaviour and craving, suggesting a novel route of smoking cessation for patients with schizophrenia [51] .
The self-medication hypothesis claims that patients with schizophrenia may smoke to alleviate cognitive deficits [3] . Although clinicians may be hesitant to encourage smoking cessation in patients with schizophrenia due to fears that cessation may worsen psychiatric symptomatology, evidence suggests otherwise [52] . Interestingly, a recent study found that subjective attentional benefits of cigarette smoking may not reflect objective differences in cognition, and that subjective awareness of the pro-cognitive effects of nicotine (through both patch and regular smoking) after brief deprivation was not present in patients compared with controls [53] . These results suggest that remediation of cognitive deficits is likely not the primary driving force of tobacco consumption in the schizophrenia population. The reduced efficacy of NRTs in improving cognition and reducing smoking suggests the need for more potent nAChR agents to ameliorating cognitive deficits with reduced nAChR desensitization. However, nAChR desensitization by smoking cessation aids may be important for achieving abstinence through mimicking the effects of nicotine at the synapse. This may account for some of the reduced efficacy of NRTs on smoking abstinence compared with more potent substrates such as varenicline, which has been shown to maximally desensitize nicotinic receptors longer than nicotine itself [54] .
Discussion
Patients with schizophrenia experience the highest rates of smoking among any psychiatric diagnosis [1] . Assuming that tobacco addiction and cognitive deficits in schizophrenia share a common vulnerability, we suggest that treatment of either cognitive deficits or smoking in these patients could effectively treat the other. Ideally, treating these neurocognitive endophenotypes using nicotinic receptor (partial) agonists could help correct the underlying deficit, while providing improved observable executive functioning (including WM and sensory gating). Improved cognitive status may provide the tools patients with schizophrenia need in order to achieve better smoking cessation rates.
Among the proposed endophenotypes in schizophrenia, neurophysiological endophenotypes offer perhaps a closer representation of the underlying genotype compared with neurocognitive endophenotypes. Involvement of the CHRN A7 gene, the gene responsible for producing the α7 receptor subunit of nAChRs, has been linked to smoking characteristics in schizophrenia as well as to sensory gating deficiencies [55] . Abnormalities in nAChR function and sensory gating may reflect an underlying vulnerability to developing nicotine dependence in patients with schizophrenia. Other nAChR subtypes, including α4β2 receptors, have been implicated in both cognition and smoking in patients with schizophrenia due to their ability to modulate both smoking behaviors and WM [40•] . Thus, it appears that nAChR dysregulation confers vulnerability to both the underlying neurophysiological endophenotype as well as resultant smoking tendencies.
Administration of nicotinic agonists and partial agonists to patients with schizophrenia who are trying to quit smoking may significantly increase cessation rates by alleviating cognitive deficits induced by tobacco withdrawal. Fittingly, several studies have already demonstrated the ability of varenicline to reverse withdrawal-induced deficits of sensory gating while simultaneously improving cognition in smokers with schizophrenia [38, 39••, 40•] . Accordingly, appropriate medication for patients with schizophrenia who are trying to quit smoking should include treatments that target both the underlying neurocognitive dysfunction as well as tobacco use disorder in these patients. Tobacco withdrawal-induced cognitive deficits may be an important reason for low cessation rates among this psychiatric population, so addressing both issues may result in increased smoking cessation success rates and improved cognitive functioning, leading to better health and quality-of-life outcomes for people with schizophrenia.
Conclusion
nAChR dysfunction may underlie some of the neurocognitive and neurophysiological deficits commonly seen in patients with schizophrenia. This receptor dysfunction could explain the high tobacco smoking prevalence in this population, and may offer a potential treatment avenue for cognitive deficits (such as SPEM, PPI, and P50) that are likely due to this aberrant receptor function. Varenicline and DMXB-A in particular may offer relief from various problems in executive functioning while reducing tobacco consumption, thereby treating both cognitive deficits and nicotine dependence through targeting the nAChR system.
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